Abstract: To predict the radar cross-section (RCS) of a target, shadowing and multiple interaction effects must be taken into account. As the complexity of the target increases, the effort required to do this comes to dominate the calculation time. To cope with this problem, advanced ray-tracing techniques have been adapted from the field of computer graphics. The paper describes a computer code that combines these methods with high-frequency scattering theories (such as physical optics or the method of equivalent currents) to produce an RCS prediction tool for well defined complex targets. This program is then validated using measurements of known objects.
Introduction
Partly as a result of the Falklands conflict in 1982 and the recent American stealth program, there has been increasing interest in the radar signature of military vehicles. Although these can be found by making full-scale measurements, such an approach is costly and, by definition, provides the answers too late for the designer to make any major changes. One possible solution to this is to make scale models of the target in question. Although this allows hypothetical or unavailable targets to be studied, a new model must be made whenever the design is changed, which is not always a practical proposition.
Theoretical modelling, on the other hand, enables the user to take geometry descriptions directly from the designer's CAD (computer aided design) system and to predict the returns that would be obtained if that design were followed exactly. This is particularly useful for idealised shapes (such as perfect dihedrals and trihedrals), some of which are very sensitive to slight construction errors. As there is no need for a physical model, the effects of design changes can be studied with great ease.
Considerable work has been done in the past on the prediction of radar returns from targets such as aircraft and missiles (see Reference 13 for example). Although reasonable results have been obtained, they have been restricted to objects no more than a few hundred wavelengths long and containing no more than a few hundred The author is with the Admiralty Research Establishment, Procurement Executive, Ministry of Defence, Hambrook, Near Chichester, Sussex PO18 SUE, United Kingdom individual scatterers. In most such cases, the returns are dominated by diffraction and surface wave effects and the geometry is simple enough to enable multiple interactions to be neglected or flagged manually.
With large, complex targets (thousands of wavelengths long with thousands of individual scatterers) this is no longer true. At most aspect angles there is a reflector or combination of reflectors that gives a near specular return. What is more, the number of subscatterers involved means that identifying multiple interactions by hand is impractical. For such targets the main problem lies not in calculating the returns from the components but in determining which ones are visible and how they interact with each other.
To investigate solutions to these problems, a computer program known as RESPECT (rapid electromagnetic scattering predictor for extremely complex targets) has been developed at the UK Admiralty Research Establishment, Funtington. This code automatically identifies potential multiple interactions and determines which components are visible to the radar at any given aspect angle. It does this by using ray techniques adapted from the field of computer graphics. The ray-tracing information is then combined with optics-based scattering models to enable the RCS (radar cross-section) of a well defined complex target to be calculated.
Representation
When dealing with extremely complex bodies it is important that the computer representation of the target be easy for an unskilled user to construct and modify. This means that there must be no avoidable complications (such as both faces of a flat plate having to be defined independently) that might confuse the user or cause mistakes in complex models. RESPECT uses the computeraided design package PATRAN [14] to generate geometrical data on the target. Patran allows the user to see the target as it is created, making it easy to detect and correct any errors that might occur. Data produced using Patran are then passed to a preprocessor that automatically distinguishes between flat, singly curved and doubly curved surfaces in preparation for subsequent ray tracing. Another important feature of the target representation is that it must be amenable to rapid ray-tracing calculations and yet still be capable of describing arbitrary shapes. In particular, it should not be limited to a simplistic set of geometrical primitives such as cylinders or flat plates, which greatly restricts the kind of object that can be studied.
In practice, finding a single representation that is flexible and that also assists ray tracing is very difficult. As a result, RESPECT uses a dual representation of the target, in which the body is treated as a collection of easily gen-eralised bicubic patches (see below) for the purposes of RCS calculation, but is simplified to a collection of flat facets when the ray tracing is done. This technique works because shadowing effects are far less sensitive to geometrical accuracy than radar returns, and hence can be treated more crudely. It would, of course, have been possible to perform the ray tracing directly on the bicubic patches, but this would have increased the computational cost by more than could be justified by the increased accuracy. This is because the equations for the intersection between a line and a flat facet can be solved exactly, whereas those for a line/patch intersection can only be solved approximately using an iterative process. It takes approximately 14 floating point operations to find a line/ facet intersection, although up to 60 more operations may be required to find out if the intersection is actually within the facet. Solving for a line/patch intersection using Newton's method would take about 370 operations per iteration. If it takes ten iterations to obtain a sufficiently accurate answer, a total of 3700 operations would be needed. Thus if each patch is replaced by a facet, the speed up will be approximately 3700/74 = 50 times. On the other hand, a purely facet-based system would require huge numbers of facets in order to deal with curved surfaces accurately. Consider, for example, a cylinder of 1 m radius illuminated at 1 GHz. For an accurate RCS calculation using facets alone, the 1/16 criterion means that the object would have to be divided into at least 100 planar facets, far more than are needed just for shadowing calculations. If a dual representation were used for the same thing, however, no more than four patches and eight facets would be likely to be required. This would speed ray tracing (see Section 3) for the cylinder by a factor of at least ten.
RESPECT describes the surface of a target in terms of a set of bicubic patches (see Reference 2 and the user manuals for Patran). These define an arbitrary surface by using a vector equation in two parameters which contains up to third-order terms. The geometric form of such a patch is r(s, t ) = F(s)AF(t) where s and t are the two surface parameters, limited by 0 C s, t < 1 on the surface of the patch,
and A is a 4 x 4 array of 3-vectors which defines the patch.
Almost any surface can be described using bicubic patches. Large surfaces can be represented by groups of patches, with first derivative continuity enforced across the boundaries. In theory this method could lead to discontinuities in the second derivative (and hence the curvature of the target) across patch boundaries. In practice, however, this has not proved to be a major problem, as is demonstrated by the sphere results shown below. sensitive to aspect angle than reflection and diffraction effects are. A helpful side-effect of this is that two adjacent aspect angles will have very similar corner and visible facet lists, so that much information can be carried over from case to case. For a shiplike target, ray tracing, when performed, takes up approximately 90% of the calculation time per aspect angle. Fortunately, a full ray trace is rarely needed more than every lo, so that the scattering can be calculated at 0.1" intervals in only twice the time needed for 1" increments.
A further approximation that can be made is to consider a facet to be unshadowed only if its central point is visible to the radar. Since the faceting is performed under Patran, an experienced user can increase accuracy at vital points simply by increasing the number of facets per patch in that region. This enables the user to trade accuracy for speed as efficiently as possible.
The speed of any shadowing algorithm depends upon the number of facetbine-of-sight intersections that must be checked for. Consider a target of volume L3 containing v facets per unit volume, and suppose that we wish to determine whether one of these facets is visible. If we simply check the entire object for blockages, this would take O(vL3) operations. However, if we split the target up into small boxes we can restrict our checking to those boxes pierced by the line of sight. These boxes are known as voxels (volume elements) by analogy with the pixels (picture elements) used to compose an image on a computer screen (see Fig. 1 ). If a typical box has side length 6, then there will be O(L/6) voxels to check, containing a total of O(vL6') facets. This means that we have reduced the number of intersection calculations needed by O(c/ a' ). Thus, for a target of typical side length 30m and voxel size 3 m, the speed increase obtained is 0(10'), on average. A more detailed explanation of this approach is given by Fujimoto et al. The first step in the calculation of multiple reflections is to establish which facets can 'see' each other across the target. Pairs of facets that are not too distant (as specified by the user) and have a line of sight between them are marked as potential multiple reflectors in a preprocessing stage. Then at each ray-tracing aspect the corners are tested to find the return direction of a purely specular reflection. If this return is within a (user defined) angle of the receiver direction, the return is considered significant : otherwise it is neglected. This technique reduces the computation cost considerably, sin'ce many multiple bounces do not contribute greatly to the total return.
The area of the first plate involved is projected onto the second using geometrical optics, and the common region found using the Sutherland-Hodgman algorithm (as described by Foley and van Dam [2] ). For trihedrals, this process is repeated for the second bounce. Once the effective illuminated area has been found for the linal plate, methods such as physical optics (PO) or the method of equivalent currents (MEC) can then be used to determine the scattered field (see Fig. 2 ). This is a generalisation to arbitrary arrangements of polygonal plates of the technique developed by Knott and others (see Reference 15 for example). It is also applicable to nonorthogonal and disjointed comers. 
RCS calculation methods
The radar cross-section of an object is a measure of how strong the far-scattered fields are for a given illumination. The usual definition is where R is the distance between the radar and the target, E' and d are the incident and scattered electric fields,
and H' and @ are the incident and scattered magnetic fields.
A common technique that can be applied to 'large' (i.e. many wavelengths in size) targets is to break them down into a collection of smaller subscatterers. The returns from these can then be combined in phase to give the total RCS. To facilitate this, Knott [3] defines a new quantity, the coherent RCS, by
R -m where R is the distance from the observer to the target, P is the scattered field, E, the incident field strength, 2R
the electric polarisation vector of the receiver and k the wave number of the incident radiation. As a complex number, ,/(U) automatically represents both the magnitude and phase of the return. The traditional RCS value is found by:
Optics-based RCS prediction methods were chosen for RESPECT as they are well established for aircraft and missiles. Furthermore, since they represent a solution to Maxwell's equations at high frequency, their accuracy should improve as the relative target size increases. Physical optics is one of the oldest and most robust models of high-frequency scattering. It is particularly accurate in predicting specular and near-specular returns.
Outside this region, however, the diffraction and travelling-wave effects neglected by PO become significant, and accuracy declines. The other attractive property of PO is that, unlike the geometrical theory of diffraction (GTD), it does not give infinite results whenever a caustic case is encountered. Even at its worst, PO merely declines to zero. For flat surfaces, RESPECT uses a form of PO appropriate to polygonal plates as given by Knott et al. in Reference 3.
Physical-optics results are available for the RCS of singly curved surfaces such as frusta (doubly truncated cones) and cylinders. For an arbitrary singly curved body, the dominant contribution to the return comes from the specular line. A reasonable approximation to the RCS can therefore be obtained by approximating the surface in this region with a frustrum, and calculating the returns from that using the method of stationary phase (see Reference 3) . The location of the specular line can be found by a variation on Newton's method (see Reference
16).
When physical optics is applied to doubly curved surfaces and a stationary phase approximation is made, the results become equivalent to those predicted by geometrical optics. The G O RCS of a doubly curved surface illuminated by a plane wave is simply 0 = =PIP2 (4) where p1 and p2 are the principal radii of curvature evaluated at the specular point. This formula applies for both monostatic and bistatic scattering, and is independent of frequency. The simplicity of this formula means that the time taken to find the RCS of a double curved surface is dominated by the process of finding the specular point, which is generally done by a version of Newton's method. The radii of curvature are found using a bicubic patch version of the formula given in Reference 17.
The major weakness of physical and geometrical optics is that they neglect higher order effects such as diffraction and surface waves. This means that for far-fromspecular scattering they tend to under-predict the returns obtained. In an attempt to remedy this, the geometrical theory of diffraction (GTD) was developed (see Keller [4] ). Unfortunately, both GTD and its uniform version UTD [SI predict infinite fields at caustics, which occur frequently on a complex target like a ship. To overcome this, a number of authors have proposed the use of the method of equivalent currents (MEC). In a series of papers [&SI. Michaeli has developed a form of MEC which both solves the caustic problem of GTD and extends the treatment of diffraction to cover directions not on the Keller cone. Only in one special case (involving grazing rays) does the method give incorrect answers (i.e. tend to infinity); the program copes with this by forcing returns in this region to tend on zero. In practice Michaeli's MEC is equivalent to Mitzner's (earlier) method of incremental length diffraction coefficients (ILDC) [9] , but is more readily available. The user of RESPECT may choose whether PO or MEC is used for the calculations. In general, PO is sufficient for complex bodies because the returns are dominated by specular effects, whereas MEC is required for simple bodies where diffraction effects are significant.
Results
To investigate the speed and validity of the prediction code, a number of tests were performed. This testing pro-gramme began with simple shapes (such as flat plates) and progressed on to more complicated bodies resembling tanks and ships. Comparisons with measured results were made wherever possible. The experimental results for the trihedral were obtained at the Electronics Research Laboratory, Salisbury, South Australia [lo]. In all the cases described, HH polarisation indicates that the electric-field vector for the transmitter and receiver was perpendicular to the z axis whereas W indicates that the magnetic-field vector was perpendicular to the z axis. Fig. 3 shows the CPU time taken by the program (when running on a Cray 1s) to calculate the RCS at each aspect angle of several targets, including the ones detailed below. The run time appears to rise at just over O(N) (where N is the number of scatterers involved) as opposed to the O(N3) that would be the case if a crude ray-tracing algorithm was used. The run times for the di-and trihedrals are noticeably worse than the trend, whereas those for the cylinder and sphere are noticeably better. This is because targets with many multiple interactions are significantly harder to analyse than those with only single bounces.
On average, RESPECT on the Cray 1s runs about 70 times as fast as the VAX 11/750, although this ratio could probably be improved if the code were optimised to run on the Cray.
Orthogonal trihedrals give large, wide-angle returns, and so it is important that any RCS prediction code treat them accurately. Figs. 4 and 5 show the geometry and results for an 8 cm trihedral illuminated at 10 GHz HH. The area projection/PO technique is well established for trihedrals, and in this case took only 6OCPU milli- To check the validity of using bicubic patches to model curved surfaces, the RCS of a 0.5 m radius sphere was calculated at 10GHz HH (see Figs. 8 and 9 ). The RCS of the bicubic patch model of the sphere shows a slight variation from the uniform returns that would be expected from the real object. As can be seen from Fig. 9 , the errors from an eight-patch sphere (averaging 0.078 dB or about 1.8%) are small in comparison to other potential sources of error. Even these results could be improved if more patches were used: 18 patches reduces the average error to 0.12%. This confirms that, for RCS calculation purposes, bicubic patches are an excellent approximation to curved surfaces. Calculating the RCS of the sphere took 8 ms per aspect angle.
To determine the value of the code for objects of intermediate complexity, RESPECT has also been tested on a simplified model of a tank provided by the Royal Armament Research and Development Establishment (RARDE) at Chertsey. The results obtained were com- Geometry ofsimple tank
Both PO and MEC provide reasonable approximations to the RCS of the tank, although there is a notable discrepancy around 210". The return in this region is dominated by a trihedral corner and the error could be due to a slight construction error in the physical model. The high speed of the calculations (only 0.4 CPU seconds per aspect) made it possible to investigate interactively the effect of small local changes in the geometry. After several trial runs taking only a few minutes each, it was concluded that the discrepancy could be explained by the trihedral having an angle of 91" rather than 90" and perhaps also being slightly oversize. The effect of the modified geometry on the local scattering is shown in Figure 12 . It is likely that similar construction errors account for the discrepancies in the 20" to 70" and 290" to 340" regions.
The final test was performed on an artificial ship-like target (see Figs. 13a and b) to find the run time for a typical highly complex scatterer and also to demonstrate the effects of small details on the returns from large targets. As there was no physical counterpart to the model, problems of fidelity (such as those encountered with the tank) were not considered. Fig. 14 shows the two models studied. The version of Fig. 14a is a basic ship structure comprising hull, deck-houses, masts and funnel, whereas the version of Fig. 14b includes a range of fittings such as antennas, guns, railings and launchers. The returns from both have been averaged over 2" windows.
The unfitted version of the ship (Figure 14a) gives very low returns (typically less than 10 dBsm) except for a few narrow peaks, which can reach as high as 64 dBsm. The high value of thest specular peaks is due to an unrealistic assumption in the construction of the model: many surfaces were assumed to be flat where in practice they would be significantly curved due to the method of construction. Such distortions lead to the specular return being greatly reduced, but spread over a wider angular range, producing a more uniform signature.
When the fittings are added (Fig. 136) small change in its shape highlights the need for a proper treatment of the small details of a body in addition to its gross geometry.
culation could be performed overnight on a lightly loaded machine. If one small group of scatterers dominates the returns over a wide angle (such as the trihedral 
Conclusions
The ray-tracing methods described above mean that RCS calculations for extremely complex targets can now be performed at reasonable speeds. In the case of the ship represented by about 2300 scatterers, the program took less than twelve hours on a Cray 1s to perform a 360" sweep of calculations at 0.1" degrees per step; such a cal- on the tank), the user can extract that portion of the model and study it in detail separately. This allows him to determine the effects of changes within a few minutes, allowing an interactive approach to design. To achieve these speeds, some approximations have been made. However, this reduced accuracy is the price that must be paid if extremely complex targets are to be studied with The results for the trihedral demonstrate that the PO, MEC and area projection technique used are valid for a well defined target. However, the results obtained for the tank suggest that care must be taken to ensure that the physical and numerical models match exactly if optics method are to be. used.
The ability of a CAD system to produce near perfect numerical models has highlighted an imporant aspect of RCS prediction for complex targets. In many cases, real objects do not match their plans well enough for accurate RCS predictions to be made. As the simple tank demonstrates, items that are shown as flat or at right angles are frequently significantly deformed or nonorthogonal. It is thus extremely important to study the true shape of a target, rather than the one the designer intended. Ironically, imperfectly built scale models often simulate realworld objects better than their numerical counterparts because they incorporate many of the same kinds of construction errors as the real thing, Similarly, comparing the returns from the fitted and unfitted ships shows that inclusion of minor surface features is vital if a reasonable prediction is to be made. These effects are studied in more detail by Williams [12] .
The major value of a code like RESPECT is as a research tool, where the exactness of the models used enables specific aspects of the scattering process to be studied in isolation. Furthermore, the speed of the calculations means that targets approaching real-world levels of complexity can be studied, rather than over-simplified ideal cases. By analysing well defined bodies an improved understanding of the returns from complex targets can be acquired, from which statistical rules for more general cases can be derived. It is only by using these that a rea-' sonable representation of the returns from genuine complex bodies can be achieved.
